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Abstract
Despite 30 years of Hox gene study, we have a remarkably limited knowledge of the downstream target genes that Hox transcription factors
regulate to confer regional identity. Here, we have used a microarray approach to identify genes that function downstream of a single vertebrate Hox
gene, zebrafish hoxb1a. This gene plays a critical and conserved role in vertebrate hindbrain development, conferring identity to hindbrain
rhombomere (r) 4. For example, zebrafish Hoxb1a, similar to mouse Hoxb1, is required for the migration of r4-derived facial branchiomotor neurons
into the posterior hindbrain.We have screenedmicroarrays carryingmore than 16,000 expressed sequence tags (ESTs) for genes that are differentially
regulated in normal versus Hoxb1a-deficient r4 tissue. Using this approach, we have identified both positively and negatively regulated candidate
Hoxb1a target genes. We have used in situ hybridization to validate twelve positively regulated Hoxb1a targets. These downstream targets are
expressed in a variety of subdomains within r4, with one gene, a novel prickle homolog (pk1b), expressed specifically within the facial branchiomotor
neurons. Using morpholino knock-down and cell transplantation, we demonstrate that the Hoxb1a target Prickle1b functions cell-autonomously to
control facial neuron migration, a single aspect of r4 identity.
© 2007 Elsevier Inc. All rights reserved.Keywords: Zebrafish; Hox; Hindbrain; Rhombomere 4; Branchiomotor neurons; Facial neurons; Neuronal migration; PrickleIntroduction
The Hox genes encode an evolutionarily conserved family of
homeodomain transcription factors that are implicated in
conferring segmental identity along the anteroposterior (AP)
axis of all bilaterian animals (de Rosa et al., 1999; McGinnis and
Krumlauf, 1992). Despite their well-known and critical roles
during embryonic development, little is known about the genes
that function downstream of Hox transcription factors, particu-
larly in vertebrates. The downstream genes may include other
regulatory molecules as well as the ultimate effectors (or
“realizators”, as initially proposed by Garcia-Bellido, 1975) of
segmental identity. In this study, we have focused on identifying
downstream targets of a single well-characterized zebrafish Hox⁎ Corresponding author. Department of Organismal Biology and Anatomy,
The University of Chicago, 1027 East 57th Street, Chicago, IL 60637, USA.
Fax: +1 773 702 0037.
E-mail address: vprince@uchicago.edu (V.E. Prince).
0012-1606/$ - see front matter © 2007 Elsevier Inc. All rights reserved.
doi:10.1016/j.ydbio.2007.06.012gene, hoxb1a, which functions in the developing hindbrain to
confer identity to rhombomere (r) 4.
The vertebrate hindbrain is transiently divided into 7 or 8
segments, termed rhombomeres (reviewed by Lumsden and
Krumlauf, 1996; Moens and Prince, 2002). Rhombomeres are
vital for coordinating development of the hindbrain and its
derivatives, including the cranial nerves and associated cranial
neural crest. Within the zebrafish hindbrain, r4 is of particular
significance, because it is the first rhombomere to become
compartmentalized and has been shown to act as a signaling
center that influences patterning of adjacent segments (Maves et
al., 2002). r4 is characterized both by recognizable neuronal sub-
types and by specific gene expression. In zebrafish, both the
paired Mauthner cells, the largest of the Reticulospinal (RS)
neurons (Hanneman et al., 1988; Metcalfe et al., 1986), and the
facial (VIIth nerve) branchiomotor neurons (BMNs; Chandra-
sekhar et al., 1997) differentiate within r4. Facial neurons project
their axons into the periphery from r4, but their cell bodies
migrate posteriorly between 18 and 48 hours post fertilization
(hpf), to ultimately lie in r6 and r7. By contrast, the trigeminal
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project their axons into the periphery from r2. Migration of the
r4-derived facial neurons is a conserved feature of mouse and
human (reviewed by Chandrasekhar, 2004).
Zebrafish hoxb1a, like its mouse ortholog Hoxb1, is
expressed in a stable stripe in r4 and functions to confer
segmental identity. Knock-down of zebrafish Hoxb1a using an
antisense morpholino (Hoxb1a-MO; McClintock et al., 2002;
Fig. 1), similar to mouse Hoxb1 knockout (Goddard et al., 1996;
Studer et al., 1996), disrupts r4-specific gene expression and
neuronal organization. In Hoxb1a-deficient embryos, auto-
regulation of hoxb1a in r4 is abrogated after 24 hpf, and
although BMNs are still born in r4, they do not undergo the
posterior migration characteristic of facial neurons (Cooper et
al., 2003; McClintock et al., 2002, Fig. 1). Rather, these neurons
resemble those of the r2-characteristic trigeminal nerve,
suggesting a classic anteriorizing homeotic transformation
(McClintock et al., 2002). In reciprocal gain-of-function
experiments, hoxb1a overexpression leads to a posteriorizing
transformation such that endogenous hoxb1a is expressed in r2
as well as r4, and the r2-derived trigeminal neurons take on
characteristics of the r4-derived facial neurons (McClintock
et al., 2001, 2002). Hoxb1a plays a similar role in r4-specific RS
neuron specification (I. Hurley, M. Rowe and V. Prince, un-
published observations; Hale et al., 2004; McClintock et al.,
2001). As hoxb1a is expressed throughout r4, cell-transplanta-
tion experiments were carried out to determine whether Hoxb1a
functions cell-autonomously or non-cell-autonomously in facial
BMN migration (Cooper et al., 2003). Hoxb1a-deficient facial
neurons transplanted into a wild-type host embryo fail to migrate
posteriorly into r6/7, while wild-type facial neurons in a
Hoxb1a-deficient host embryo are able to migrate, although
with reduced efficiency, demonstrating that Hoxb1a functions
primarily in a cell-autonomous manner for facial BMNFig. 1. Microarray experimental strategy. islet1-GFP transgenic embryos in dorsal vie
all panels. Rhombomeres (r) 2, r4, and r6 are labeled. (A, B) At 19–20 hpf, islet1-G
deficient embryos (B; injected with Hoxb1a-MO). Hoxb1a-positive tissue dissected
dissected from r4 of Hoxb1a-MO injected embryos (B, blue box), and from unman
migrated into the posterior hindbrain of unmanipulated embryos (C), but remain in
trigeminal neurons; VII: facial neurons.migration (Cooper et al., 2003). In summary, zebrafish
Hoxb1a is important for the establishment of multiple aspects
of r4 identity, including neuronal organization and gene ex-
pression. However, to date, nothing is known about the genes
that function downstream of Hoxb1a to establish these aspects of
r4 identity.
Previously, several different approaches have been taken to
identify Hox targets in various model systems (reviewed by
Akin and Nazarali, 2005; Pearson et al., 2005). In silico genome
searches using consensus DNA-binding sequences should
theoretically yield Hox targets; however, Ebner and colleagues
(2005) reported a low success rate using this approach to identify
Drosophila Labial targets, possibly due to variability of Hox/
Hox-cofactor binding sites. By contrast, chromatin immunopre-
cipitation effectively identified targets of mouse Hoxc8 and
Hoxb5 (Safaei, 1997; Tomotsune et al., 1993), and subtractive
hybridization methods, including microarrays, have proven
successful in allowing identification of many downstream genes
(reviewed by Akin and Nazarali, 2005; Pearson et al., 2005).
To begin to establish the gene network that functions
downstream of zebrafish Hoxb1a, we have used microarrays to
compare the transcripts expressed in microdissected rhombo-
mere tissue from Hoxb1a-positive versus Hoxb1a-deficient
embryos. This allowed us to identify candidate genes that are
up-regulated or down-regulated by Hoxb1a in r4. We have used
in situ hybridization to validate positively regulated candidate
target genes: we describe r4-specific expression of four
previously described and eight novel zebrafish genes, and we
demonstrate that Hoxb1a regulates the r4-specific expression of
all twelve target genes in vivo. We have analyzed the temporal
and spatial expression patterns of the twelve genes within r4,
and we have further analyzed both expression and function of
one novel target gene, prickle1b (pk1b). We find that pk1b is
expressed in the facial branchiomotor neurons as they migrate,w, bright field (DIC optics) and fluorescent images merged. Anterior to the left in
FP-positive branchiomotor neurons are present in wild-type (A) and Hoxb1a-
from unmanipulated r4 (A, red box) was compared to Hoxb1a-deficient tissue
ipulated r2 (A, blue box). (C, D) By 33 hpf, GFP-positive facial neurons have
r4 of Hoxb1a-MO injected embryos (D). ov: otic vesicle; MO: morpholino; V:
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cell-autonomously for facial neuron migration.
Materials and methods
Animals
Wild-type (⁎AB or a store-bought wild-type line) and islet1-GFP
(Higashijima et al., 2000) zebrafish (Danio rerio) embryos were staged as
described (Kimmel et al., 1995) by hours post fertilization (hpf) at 28.5 °C.
Rhombomere tissue dissection and processing
19–20 hpf islet1-GFP embryos were dechorionated and placed in Ca/Mg-
free PBS (Specialty Media) with tricaine (0.3%; Sigma); r2 or r4 tissue was
isolated using small Bioscissors to cut a thick transverse section (Fig. 1A, B);
each dissected rhombomere totaled approximately 1000–1500 cells. Using a
compound fluorescence microscope, we confirmed that r2 tissue from uninjected
embryos contained only trigeminal neurons, and that r4 tissue from uninjected or
Hoxb1a-MO-injected (see below) embryos contained only facial neurons. For
each of these three tissue types, three replicate sets of 8–10 embryos were
dissected, resulting in nine tissue samples. Tissue dissociation was performed as
described by Dulac and Axel (1995). A subset of Hoxb1a-MO-injected embryos
were grown to 33 hpf to confirm Hoxb1a-deficiency based on complete lack of
facial neuron migration (Figs. 1C, D).
RNA isolation and amplification
RNAwas extracted using the PicoPure RNA Isolation Kit: RNA Extraction
from Cell Pellets (Arcturus), amplified using the RiboAmp HS RNA
Amplification Kit (Arcturus), and biotin-labeled using the BioArray HighYield
RNA Transcript Labeling Kit (Affymetrix) according to manufacturers'
instructions.
Microarray hybridization and data analysis
Each sample (nine total) of 20 μg biotin-labeled amplified RNA was
hybridized to a separate, identical zebrafish microarray containing 16,399 oligos
representing 16,288 ESTs (the Compugen set; see Leung et al., 2005; Mathavan
et al., 2005; Supplemental Table 1: available at Gene Expression Omnibus www.
ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GPL3721) at the Microarray Facility
of the Kimmel Cancer Center, Thomas Jefferson University. Within each
replicate, the control (unmanipulated r4 tissue) array data was compared with
both the Hoxb1a-deficient r4 array data, and with the unmanipulated r2 array
data; ratios of control to experimental values were calculated. Statistical analysis
was performed at the Functional Genomics Facility of the University of Chicago
using DNA-Chip Analyzer (Li and Wong, 2003) and SAM (Ideker et al., 2000)
software. The data discussed in this publication are available at NCBIs Gene
Expression Omnibus (GEO, http://www.ncbi.nlm.nih.gov/geo/ GEO Series
accession number GSE5199).
Sequence analysis, cloning and constructs
Each EST sequence was used to search the zebrafish genome using SSAHA
or SSAHA2 (www.ensembl.org), and predicted genes were identified by the
presence of the EST within the 3′UTR region. Nested primers were designed
based on predicted open reading frames, and cDNAs of at least 800 bp were PCR
amplified from 18 or 30 hpf zebrafish cDNA, cloned into pGEM-T vector
(Promega), and sequenced. Since our evi1 and col7α1l cDNAs do not precisely
match any genomic or published sequence, we have submitted their sequences to
EMBL.
Primer sequences:
evi1 (Accession # EF541111): outer: 5′ GGAGTACAAGTGCGATCAGT
and 5′ TGGCATTTGAAGGGTTTCTCT. inner: 5′ AGGCCTTAAACAA-
CACAAAC and 5′ GAGCGATCGCAATACTTACAT.fabp7a (bfabp) (Accession # AF237712): 5′ CTCAGCGACTGTACGAGC
and 5′ GACACAAAGGCAGGCCTC.
eaat2 (ENSDART39375): outer: 5′ CGCTCATTCACCTGCTGAAC and 5′
AGACGCACTGGTTGGAGTTGT. inner: 5′AGCCTGACAGGTGTGGAT-
GAT and 5′ CTGGGTCTTGGTCATCATCTC.
carbonic anhydrase II (ENSDART38364): outer: 5′ GACCACTGGGGA-
TACGATAAG and 5′ TCCCTGCAGAGCCTCTTGACT. inner: 5′ GAC-
AAATGGGGTGAGAGTTAC and 5′ GACAGCACATCTGGTGTTCTG.
calretinin (ENSDART53114): outer: 5′ AAGGCTGAGGAAACACCA-
TAG and 5′ GTGTTGGCAAATCAGAACAGTC. inner: 5′ AGCACCA-
GAGCCCATTTCTCT and 5′ GCAGAGACTGCACGCTGTACA.
collagen, type VII, alpha1-like (col7α1l) (Accession # EF612435): outer:
5′ TCTGCTGCCCAAACTCTCTC and 5′ CTGGGGTACGAG-
TGTTTCTG. inner: 5′ TGCTCATCACCCCTGTGTCT and 5′
GTGGCCTGATGGAAAAGATG.
brn3b (ENSDART55221): outer: 5′ GAGCGCGTTCTTTCAGACTAG and
5′ CGCGGCTGAATAGCAAAGTAC. inner: 5′ TGCAACGCCAGAGAC-
TTGAGA and 5′ AGGTCCGCTTCCTCTTCTTCT.
In situ hybridization and Immunohistochemistry
In situ hybridization was performed as previously described (Prince et al.,
1998a). DIG- or FITC-labeled riboprobes were generated for the following
genes: hoxb1a (Prince et al., 1998a), krox20 (Oxtoby and Jowett, 1993), rarα2a
(Stafford and Prince, 2002), meis2.1 (Zerucha and Prince, 2001), zic1 (Grinblat
and Sive, 2001), zic4 (kind gift fromDr. Yevjenya Grinblat), pk1b (kind gift from
Dr. Masazumi Tada), and the additional microarray-identified candidates
described above.
Whole-mount immunohistochemistry was performed as previously
described (Prince et al., 1998b) using the following antibodies: anti-GFP anti-
body (Molecular Probes), anti HuC/HuD antibody (Molecular Probes), RMO44
antibody (Pöpperl et al., 2000), and anti-Islet1 antibody (Hybridoma Bank, IA).
Embryos were mounted in glycerol. Images were captured using a Zeiss
Axioskop andNikon camera and processed usingAdobe Photoshop. Confocal Z-
stacks were captured and composite stacks generated using a Zeiss LSM510.
Transverse sections were cut manually using Bioscissors (approximately
75 μm thick) or using a microtome on embryos embedded in Araldite plastic
(5 μm serial sections).
Phylogenetic sequence analysis
Homo sapiens PK1 (NM_153026) and PK2 (NM_198859), Mus musculus
Pk1 (NM_001033217) and Pk2 (XM_984520), Tetraodon nigroviridis Pk1
(Pk1a) (GSTENG00029692001), and Pk1b (GSTENG00034257001), Fugu
rubripes Pk2 (SINFRUP00000130098), Danio rerio Pk1 (Pk1a) (AY286492),
Pk1b (Ensembl gene ENSDARG00000045694), and Pk2 (AY278987), and
Ciona intestinalis Pk1 (AB036840) and Pk2 (AB036841) were aligned using
ClustalX with parameter settings set to the default. Ambiguously alignable
positions were excluded, resulting in an alignment of 356 amino acids.
Bayesian phylogenetic analysis was implemented using MrBayes v3.1.2,
Maximum Likelihood analysis was implemented in Tree-Puzzle 5.0, and
equally weighted Maximum Parsimony analysis was performed using
PAUP⁎4.0 B 10. Bayesian, Maximum Likelihood and Maximum Parsimony
analyses all place Danio Pk1a sister to Danio Pk1b+Tetraodon Pk1b, although
this relationship is strongly supported only in Bayesian analysis. Overall, tree
topology is consistent with the formation of duplicate pk1a and pk1b genes by a
teleost-specific whole genome duplication event, assuming that paralogs of pk2
in Fugu and Danio have either been lost since the duplication or remain
unannotated.
Microinjections
Morpholino targeted against Hoxb1a (Hoxb1a-MO; McClintock et al.,
2002) or synthetic capped hoxb1a mRNA (McClintock et al., 2001) was
injected into 1- to 2-cell embryos, as previously described. Hoxb1a target gene
expression was affected in at least 73% of Hoxb1a-MO-injected embryos, and at
least 65% of hoxb1a mRNA-injected embryos (n≥21).
Table 1
Summary of candidate ESTs positively regulated by Hoxb1a
Mean fold
change
Number
of ESTs a
Cloned/
examined b
Validated by in situ
hybridization
≥2.0 12 4 2
1.5–2.0 101 8 7
1.3–1.5 358 3 3
Mean fold change was calculated by averaging the fold change of the three
replicate comparisons of wild-type r4 with Hoxb1a-deficient r4.
a ESTs were only included if at least 2 out of 3 replicates were ≥1.3-fold
decreased (meis2.1 does not fit this criteria, but was still included in this list).
b Includes predicted genes we cloned as well as previously described
genes.
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splice acceptor site and to the exon 6–intron 6 splice donor site, which fall in the
middle of the PET and LIM domains, respectively.
Sequences of Pk1bMOs (exon sequence: upper case; intron sequence: lower
case):
Pk1b-MO-SA-I3E4: 5′ GGCAGTAGCGAATctgtgttgaagc
Pk1b-MO-SD-E6I6: 5′ ttaatgaaactcacCAATATTCTCT
The efficacy of the two splice-blocking morpholinos was tested using RT–
PCR. The regions surrounding the two targeted splice sites of pk1b were
amplified from control and morpholino-injected embryos. The region
surrounding exon 4 was amplified using P1: Pk1b-104U (5′-TTGGGTTTCA-
GAGGAGTTCAAC) and P2: Pk1b-665L (5′-GACCCTCAGCTTCG-
GTACACT), and the region surrounding exon 6 was amplified using P3:
Pk1b-454U (5′-AACATCAACGGTGGAGAGATG) and P4: Pk1b-909L (5′-
CCCAGCAGAGAGGTTTTACAT).
Cell transplantation
Donor embryos were from the islet1-GFP strain (Higashijima et al., 2000),
and hosts were wild-type (⁎AB or a store-bought wild-type line). Transplants
were performed essentially as previously described (Carmany-Rampey and
Moens, 2006; Cooper et al., 2003). In control experiments (WT→WT), cells
were transplanted from donor islet1-GFP embryos injected at the 1- to 4-cell
stage with 10 KDa lysinated rhodamine dextran (LRD; 5% in 0.2 M KCl) into
wild-type hosts. To test whether Pk1b functions cell-autonomously in the facial
BMNs, cells were transplanted from Pk1b-deficient donors to wild-type hosts
(Pk1b-deficient→WT). In these experiments, the donor islet1-GFP embryos
were injected with LRD plus both Pk1b splice-blocking morpholinos at 2 mg/ml
each. In reciprocal transplants to test whether Pk1b functions non-cell-
autonomously, cells were transplanted from wild-type donors to Pk1b-deficient
hosts (WT→Pk1b-deficient). In these experiments, donor islet1-GFP embryos
were injected with LRD, and the wild-type hosts were injected with both Pk1b
morpholinos at 2 mg/ml each. For each transplant, approximately 30 cells were
transferred from a 4.5- to 5-hpf donor embryo into each shield stage (6–6.5 hpf)
host embryo. Cells were transplanted to a domain lateral to the embryonic shield
and 10°–20° above the blastoderm margin as this region is fated to become
hindbrain (Woo and Fraser, 1995).
Chimeric embryos were fixed at 36 hpf, donor-derived cells visualized by
rhodamine fluorescence, and BMNs visualized by antibody labeling. Anti-GFP
antibody (Molecular Probes) was used to detect donor-derived GFP-positive
BMNs, and anti-Islet1 antibody (Hybridoma Bank, IA) was used to detect all
Islet1-positive BMNs (both host- and donor-derived). This immunochemistry
allowed us to compare and contrast the location of donor-derived and host-
derived facial BMNs, as well as to confirm that each Pk1b-deficient host and/or
donor embryo showed the expected loss of facial BMN migration.
Donor and host embryos were mounted in glycerol, and confocal Z-stacks
captured using a Zeiss LSM510 confocal microscope and analyzed with ImageJ
software. The number and rhombomeric locations of all donor-derived (LRD-
and GFP-positive) facial BMNs in each chimeric host was quantitated. The
donor-derived tissue contributed a range of 1–27 facial BMNs per chimeric
embryo.
Results
Morpholino knock-down of zebrafish Hoxb1a results in loss
of r4 identity. This includes loss of migration of the r4-derived
facial BMNs to r6/7 (Cooper et al., 2003; McClintock et al.,
2002) and down-regulation of hoxb1a transcription by 24 hpf, as
we have previously described (McClintock et al., 2002). We
exploited our knowledge of zebrafish Hoxb1a to develop an
approach to identify downstream targets of this transcription
factor (summarized in Fig. 1). Our strategy was to use
microarray analysis to compare transcripts in Hoxb1a-positiveversus Hoxb1a-deficient hindbrain tissue. To focus our analysis
specifically on the region of hoxb1a expression, we micro-
dissected Hoxb1a-positive r4 tissue from unmanipulated
embryos (Fig. 1A, red box), and Hoxb1a-deficient r4 tissue
from Hoxb1a-MO injected embryos (Fig. 1B, blue box). As a
secondary source of Hoxb1a-deficient tissue, we also micro-
dissected r2 from unmanipulated embryos (Fig. 1A, blue box).
Our rationale was that knock-down of Hoxb1a results in r4
taking on characteristics of r2, suggesting that the major
differences between r2 and r4 identity are due to hoxb1a
function in r4 (McClintock et al., 2002). We therefore predicted
that the secondary comparison of unmanipulated r4 versus r2
might confirm data obtained by comparing unmanipulated r4
versus Hoxb1a-deficient r4. We utilized tissue from 19 to 20 hpf
embryos because at this stage BMNs have been born in r2 and r4,
but the major phase of facial neuron migration out of r4 has not
yet begun. As this stage is several hours after the onset of hoxb1a
expression (approximately 9 hpf; Prince et al., 1998a), we
expected that our approach would allow identification of both
direct and indirect downstream targets of Hoxb1a, including
genes involved in the migration of the facial neurons.
Microarray analysis identified ESTs positively and negatively
regulated by Hoxb1a
We compared expression levels of each EST between un-
manipulated (Hox-positive) r4 and Hox-deficient r4, and
between r4 and r2 (the full microarray dataset is provided in
Supplemental Table 1). This allowed us to identify candidate
ESTs that may be positively or negatively regulated by Hoxb1a.
Candidates that are positively regulated by Hoxb1a are found at
decreased levels in the absence of Hoxb1a; we identified 113
ESTs with transcript levels that decreased an average of 1.5-fold
or more in Hoxb1a-deficient r4 (Table 1). Of these 113 ESTs, 26
also showed decreased transcript levels (1.5-fold or more) in r2
as compared to r4 (Supplemental Table 2). Candidates that are
negatively regulated by Hoxb1a are found at increased levels in
the absence of Hoxb1a: we identified 103 ESTs with transcript
levels that increased an average of 1.5-fold or more in Hoxb1a-
deficient r4. Of these 103 ESTs, 24 also showed increased
transcript levels in r2. Statistical analyses suggested that many
of the top candidate ESTs had a high probability of being valid
targets. In summary, our microarray analysis provided us with
Fig. 2. Clustering of microarray candidate genes positively regulated by
Hoxb1a. The top 113 positively regulated candidate ESTs are clustered into
seven major gene product type classes, according to known or inferred
biological function. For a complete list, see Supplemental Table 2.
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tively regulated by Hoxb1a.
Validation of positively regulated candidate genes by Hoxb1a
loss- and gain-of-function
In the remainder of this study we have focused on ESTs that
are candidates to be positively regulated by Hoxb1a (Table 1).
Preliminary experiments suggest that Hoxb1a functions as a
transcriptional activator: overexpression of a VP16activator–
Hoxb1a homeodomain chimeric construct recapitulates the
effects of Hoxb1a overexpression (M. Rowe and V. Prince,
unpublished observations). We first attempted to identify the
genes that correlate with the top 113 candidate ESTs. Ap-
proximately 7% of the ESTs on the microarray had already
been correlated with previously described genes. However, toTable 2
Identity and mean fold change of 12 validated Hoxb1a downstream target genes
Gene name (Selected) References
(to these or related genes)
ecotropic viral integration site 1 (evi1) Hoyt et al., 1997;
Van Campenhout et al., 2006
prickle1b (pk1b)
fatty acid binding protein 7a (fabp7a)a Denovan-Wright et al., 2000;
Liu et al., 2003
excitatory amino acid transporter 2 (eaat2) Kirschner et al., 1994;
Amara and Fontana, 2002
carbonic anydrase II (ca2) Peterson et al., 1997;
Cammer et al., 1993, 1995
calretinin (calret) Castro et al., 2006
collagen, type VII, alpha 1-like (col7α1l) Heinonen et al., 1999;
Uitto and Pulkkinen, 1996
POU domain, class 4, transcription factor 2
(pou4f2/brn3b)
DeCarvalho et al., 2004
zinc finger of the cerebellum 4 (zic4) G.E.E. and V.E.P., unpublished
retinoic acid receptor α2a (rarα2a)a Stafford and Prince, 2002
zinc finger of the cerebellum 1 (zic1)a Grinblat and Sive, 2001
meis2.1a Zerucha and Prince, 2001
a Previously characterized zebrafish genes.
b Mean fold change for meis2.1 in r4 was calculated from two replicates.identify the genes that correlate with the remaining top candi-
dates, we aligned each EST sequence with the zebrafish
genome (see Materials and methods; Supplemental Table 2).
Although the genome sequence is close to completion, anno-
tation remains incomplete, and not all ESTs could be assigned
to predicted genes. We successfully correlated 80 of the top
113 candidate ESTs with predicted or known genes. We
found that these candidate Hoxb1a target genes fell into a
broad range of gene product classes, none of which were
obviously overrepresented (Supplemental Table 2; summarized
in Fig. 2).
Candidate genes were chosen for further analysis based on
three criteria: the fold change of transcript levels between un-
manipulated and Hoxb1a-deficient r4, and between unmanipu-
lated r4 and r2; statistical analysis; and gene product type, with
an effort to investigate genes from each of the major classes
(Tables 1 and 2). We validated the candidate genes by in situ
hybridization on 20 hpf wild-type and Hoxb1a-deficient
embryos. We first validated four candidate genes that had been
previously described in the literature: fabp7a (Denovan-Wright
et al., 2000), rarα2a (Hale et al., 2006; Stafford and Prince,
2002), meis2.1 (Zerucha and Prince, 2001), and zic1 (Grinblat
and Sive, 2001). We found that each gene was expressed in a
variety of specific locations at 20 hpf, including a robust stripe in
r4 where hoxb1a is expressed (Figs. 3A–E: panels i, iv, v). By
contrast, in Hoxb1a-deficient embryos the r4 expression domain
was absent or significantly reduced, demonstrating that all four
genes are regulated by Hoxb1a (Figs. 3B–E: panel ii).
We next analyzed candidates that correspond to previously
undescribed genes. As summarized in Table 1, we have cloned a
total of 11 new cDNAs and used in situ hybridization to analyze
their expression at 20 hpf in normal and Hoxb1a-deficient
embryos. We found that one gene was ubiquitously expressed
and two did not show r4 expression. However, the remainingGene product type Mean fold
change in r4
(WT versus MO)
Mean fold change
(WT r4 versus r2)
Transcription factor 4.7 7.6
Signaling protein 2.0 2.4
Fatty-acid binding protein 1.9 1.8
Glutamate transport protein 1.8 1.7
Metabolic enzyme 1.7 4.6
Calcium-binding protein 1.7 1.9
Extracellular matrix protein 1.7 1.1
Transcription factor 1.5 2.3
Transcription factor 1.5 0.8
Nuclear hormone receptor 1.4 2.4
Transcription factor 1.3 0.9
Hox cofactor 1.3b 0.8
Fig. 3. Expression of validated Hoxb1a target genes with broad r4 expression domains. In situ hybridization at 20 hpf of hoxb1a (A) and eight Hoxb1a target genes
(B–I). Anterior to the left in all panels. Rhombomere (r) 4 is labeled. Panels i and iv: In wild-type embryos, (A) hoxb1a is expressed in an r4 stripe, as are (B) fabp7a,
(C) rarα2a, (G) col7α1l, (H) eaat2, and (I) evi1. Expression of (D) meis2.1, (E) zic1, and (F) zic4 is elevated in r4 as compared to the surrounding hindbrain tissue.
The eight Hoxb1a target genes also have Hoxb1a-independent expression domains, such as the lower-level (E) zic1 and (F) zic4 expression along the length of the
neural tube, and (H) the bilateral discrete domains of eaat2. Panel ii: In Hoxb1a-deficient embryos, (A) hoxb1a mRNA remains unaffected, however, the r4-specific
expression of all eight Hoxb1a target genes (B–I) is missing or reduced. Panel iii: hoxb1a mRNA-injected embryos show a characteristic anterior expansion of (A)
hoxb1a and (B–I) all eight Hoxb1a target genes into r2 and r3 (and some more anterior regions). Panel v: Transverse sections through wild-type embryos show that (A)
hoxb1a, (C) rarα2a, and (D) meis2.1 are expressed throughout the DV extent of the neural tube. (B, E–I) The remaining six genes are expressed in varying
subdomains along the DV axis. dors: dorsal; lat: lateral; MO: morpholino; ts: transverse.
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this expression is indeed regulated by Hoxb1a (Figs. 3 and 4,
panels i, ii). While each of the eight genes is expressed in a
variety of locations, the expression patterns of zic4, col7α1l,
eaat2, and evi1 include a broad stripe of expression in r4
(Figs. 3F–I, panels i, iv, v), whereas the expression patterns of
pk1b, ca2, calret, and brn3b are confined to more discrete sets
of cells within r4 (Figs. 4A–D, green bracket in panels i, iv, v).
In Hoxb1a-deficient embryos, we found that r4-specific ex-
pression of all eight genes was absent or significantly reduced
(Figs. 3 and 4, panel ii).In addition to their Hoxb1a-dependent r4 expression do-
mains, several of these genes are also expressed in broader
domains, which may include r4 but are neither specific to r4 nor
regulated by Hoxb1a. For example, while eaat2 is expressed in a
Hoxb1a-dependent stripe in r4, it is also expressed in discrete
sets of cells in each rhombomere including r4, and this
expression remains unchanged in Hoxb1a-deficient embryos
(Fig. 3H, panels i, ii). Similarly, expression of ca2 includes both
Hoxb1a-dependent and -independent domains; Hoxb1a-depen-
dent expression is found in lateral sets of cells within r4, whereas
Hoxb1a-independent expression is found more medially in r2
Fig. 4. Expression of validated Hoxb1a target genes with neuronal specific expression domains within r4. In situ hybridization at 20 hpf demonstrates that pk1b, ca2,
calret and brn3b are regulated by Hoxb1a. Anterior to the left in all panels. Rhombomere (r) 4 is labeled. krox20 marks r3 and r5 (panels i–iii; in red). Curved green
brackets indicate Hoxb1a-dependent expression (compare panels i with ii). Square green brackets indicate expanded Hoxb1a-dependent expression in panel iii. Panels
i and iv: (A) In wild-type embryos, pk1b is expressed in narrow bilateral trails through r5 and r6 (green bracket) as well as at low levels in ventral r4. (B) ca2 is
expressed in bilateral discrete domains in r4, r5, and r6 in wild-type embryos (green bracket, Hoxb1a-dependent expression in r4), as well as in the trigeminal (r2) and
facial (r5/6; red arrows) BMNs. (C) calret is expressed bilaterally in the hindbrain in three domains in wild-type embryos (green bracket, Hoxb1a-dependent
expression in r4). (D) brn3b is expressed bilaterally in r3–r5 in wild-type embryos, with an elevated expression domain in r4 (green bracket, Hoxb1a-dependent
expression). Panel ii: The r4-specific expression of all four genes is missing or reduced in Hoxb1a-MO-injected embryos (green brackets). Note that in panel Bii, while
the four Hoxb1a-dependent domains are missing from r4, the Hoxb1a-independent ca2 expression is retained in the facial BMNs, which fail to migrate from r4 in
Hoxb1a-deficient embryos (red arrow). Panel iii: The r4-specific expression of all four genes is anteriorly expanded in hoxb1amRNA-injected embryos (square green
brackets). Note that in panel Biii, the bilateral Hoxb1a-dependent ca2 expression is expanded anteriorly (square green brackets), and the Hoxb1a-independent
expression of ca2 continues to mark the facial BMNs which have also expanded anteriorly (red arrows). Panel v: Transverse sections through wild-type embryos show
that (A) pk1b is expressed in discrete bilateral ventral cells in r5 and at low levels throughout ventral r4 (section includes both r4 and r5). (B–D) Hoxb1a-dependent
expression of ca2, calret, and brn3b is found laterally within the ventral half of the neural tube. dors: dorsal; lat: lateral; MO: morpholino; ts: transverse.
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panels i–ii). In summary, we have demonstrated that Hoxb1a is
required in vivo to regulate r4-specific expression of twelve
candidate genes identified by our microarray.
Having demonstrated that Hoxb1a is necessary for r4
expression of the Hoxb1a target genes, we next tested whether
overexpression of hoxb1a is sufficient to induce ectopic
expression of these genes in r2. As expected, the Hoxb1a-
independent expression domains remain unaffected. However,
we found that in response to hoxb1a mRNA injection, the r4-
specific expression of all twelve genes expanded anteriorly to
include r2 and in some cases r3 and more anterior regions (Figs.
3 and 4, panels iii). Specifically, those expression domains
normally localized to broad r4 stripes expanded to include r2 and
r3 (Fig. 3, panels iii), whereas expression domains normally
restricted to discrete r4 cell sets were reiterated in r2 and r3
(Fig. 4, square brackets in panels iii).
Overall, these results are consistent with previous studies
demonstrating that knock-down of Hoxb1a causes an an-
teriorizing homeotic transformation of r4 to r2-like identity,
and overexpression of Hoxb1a causes a posteriorizing homeotic
transformation of r2 to r4-identity (McClintock et al., 2001,
2002). In summary, we have analyzed the expression of 15
candidate Hoxb1a target genes by in situ hybridization and
found that twelve are positively regulated by Hoxb1a in r4. Wehave validated our microarray data, and also added twelve new
molecular markers to our definition of r4 identity.
Temporal and dorsoventral regulation of Hoxb1a downstream
target genes
We have demonstrated that expression of the twelve genes
described above is Hoxb1a-dependent at 20 hpf, approximately
the stage at which our microarray analysis was performed.
However, hoxb1a expression commences before 9 hpf (Prince
et al., 1998a), and is rapidly upregulated in r4 such that by
10.5 hpf there is a robust r4-specific expression domain
(McClintock et al., 2001). We analyzed the early expression
of the twelve Hoxb1a target genes and found that their onsets of
r4-specific expression span stages from 12 to 20 hpf (data not
shown; Zerucha and Prince, 2001; Elsen et al., manuscript in
preparation; Denovan-Wright et al., 2000). While any of the
twelve genes may be direct Hoxb1a targets, these data
suggest that secondary transcriptional inputs may be required
for the expression onsets of many of these genes.
While Hox genes confer AP identity to the rhombomeres of
the hindbrain, other molecules confer dorsoventral (DV)
regionalization (reviewed by Lumsden and Krumlauf, 1996).
To investigate integration of AP andDV patterningmechanisms,
as revealed by expression of Hox targets, we have examined the
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views and transverse sections through r4 (Figs. 3 and 4, panels
iv, v). At 20 hpf, hoxb1a is expressed throughout the DV extent
of r4 (Fig. 3Av). Of the eight target genes expressed in broad
stripes in r4, we found that only two target genes, rarα2a and
meis2.1 (Fig. 3Cv, Dv), are expressed throughout the DVextent
of r4. The other target genes are expressed in more restricted
domains along the DV axis. While zic1, zic4, and col7α1l are
restricted to the dorsal-most region of r4 (Fig. 3Ev, Fv, Gv), evi1
extends throughout the dorsal half of r4 (Fig. 3Iv). By contrast,
fabp7a and eaat2 are expressed only in the more ventral part of
the dorsal half of r4 (Fig. 3Bv, Hv).
Hoxb1a-dependent expression of ca2, calret, and brn3b is
restricted to discrete cell groups localized laterally within the
ventral half of r4 (Figs. 4B–D, panels v). We found that this
expression co-localizes with Hu antigen, marking differentiated
neurons (data not shown). The ca2 gene is expressed in a
Hoxb1a-independent manner in the more ventromedially
localized r2 and r4/5 BMNs (Fig. 4Bi, red arrows indicate
facial BMNs; co-localizes with islet1-GFP, data not shown).
Hoxb1a-dependent expression of pk1b is found in the facial
BMNs, and in a lower-level expression domain that extends
throughout the ventral third of r4 (Fig. 4Av, Fig. 5L).
In summary, while all twelve genes are expressed in r4 and
regulated by Hoxb1a, only two are expressed throughout the DV
extent of r4. Hoxb1a-dependent expression of the remaining ten
genes is more limited within r4, implying secondary transcrip-
tional inputs along the DV axis. Taken together with the broad
range of expression onsets of the twelve genes, our findingsFig. 5. hoxb1a and pk1b are expressed in migrating facial BMNs. In situ hybridizati
migration (blue); krox20 marks r3 and r5 (A, B, red). islet1-GFP (isl) expressing BM
staining in panels K, L). Embryos are flat-mounted with anterior to the left (A–J), or t
labeled. At 16 hpf, (A) hoxb1a and (B) pk1b are expressed in a stripe in r4; arrowhe
24 hpf, (D) pk1b is no longer expressed in a stripe in r4, however both (C) hoxb1a an
This expression co-localizes with the facial BMNs along the length of their migration
(K, L) Co-localization is confirmed by transverse sections through r5. Arrowheads in
pk1b. At 33 hpf, (G) hoxb1a and (H) pk1b expression is significantly reduced in the f
the facial neuron axon tracts marked by islet1-GFP (red arrowheads) (G, H, bright-fsuggest that Hoxb1a is upstream of an r4 regulatory network that
is secondarily regulated along both temporal and DV axes.
pk1b is a novel Prickle homolog expressed in migrating facial
BMNs
As Hoxb1a is required for facial neuron migration (McClin-
tock et al., 2002), and we have now demonstrated that pk1b is
expressed in the facial BMNs at 20 hpf, we chose this gene for
further study. BLAST analysis suggested that the zebrafish pk1b
gene (Ensembl ensdarg45694), like the previously reported pk1
gene (Carreira-Barbosa et al., 2003; Takeuchi et al., 2003;
Veeman et al., 2003), is homologous to tetrapod Pk1 genes. A
zebrafish pk2 gene has also been previously described (Veeman et
al., 2003). The predicted protein products of all three zebrafish pk
genes show a similar domain structure, with the highest regions of
homology within the PET and LIM domains (Supplemental Fig.
1A). To explore further the relationship of zebrafish pk1b with
other Prickle homologs, we generated phylogenetic trees based
on amino acid sequence alignments of Prickle gene products from
teleosts, tetrapods, andCiona intestinalis (Supplemental Fig. 1B).
Our tree topology is consistent with the newly identified pk1b
gene and the previously reported zebrafish pk1 (now pk1a,
Carreira-Barbosa et al., 2003; Takeuchi et al., 2003; Veeman et al.,
2003) originating via the whole genome duplication event that
predated teleost origins (Hurley et al., 2007).
While zebrafish hoxb1a is expressed in a stripe in r4 (Fig.
3Ai; McClintock et al., 2001, 2002; Prince et al., 1998a), the
orthologous mouse Hoxb1 is expressed not only in r4, but also aton for hoxb1a (A, C, E, G, I, K) and pk1b (B, D, F, H, J, L) during facial BMN
Ns were labeled with anti-GFP antibody (fluorescence in panels E, F, I, J; brown
ransverse 5 μm plastic sections through r5 (K, L). Rhombomeres (r) 4 and r5 are
ads in (B) indicate elevated pk1b expression in discrete domains within r4. By
d (D) pk1b are expressed in narrow bilateral trails stretching from r4 to r7. (E, F)
(C, D, bright-field; E, F same images merged with fluorescent anti-GFP label).
dicate facial BMNs labeled by both islet1-GFP (brown) and (K) hoxb1a, or (L)
acial BMNs, and is present in narrow bilateral domains in r4 and r5 which flank
ield; I,J, same images merged with fluorescent anti-GFP label).
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1996; Marshall et al., 1992). Therefore we closely examined the
expression of zebrafish hoxb1a, and pk1b, between 16 and
33 hpf, to determine if they localize to the facial BMNs
throughout their migration from r4 to r6/7. At 16 hpf, when the
facial BMNs have begun to differentiate in r4 (Chandrasekhar et
al., 1997), hoxb1a and pk1b are both expressed broadly within
r4 (Figs. 5A, B). While hoxb1a is expressed at high levels
throughout the rhombomere, expression of pk1b is elevated in
localized bilateral domains within r4 in a pattern suggestive of
the facial BMNs (Fig. 5B). At 20 hpf, when the facial neurons
have begun their migration, pk1b is expressed at reduced levels
in ventral r4 (Fig. 4Ai, iv, v), and in bilateral columns of cells
through r4–r6 (Fig. 4Ai). By performing in situ hybridization
for pk1b on islet1-GFP transgenic embryos followed by anti-
GFP antibody staining, we confirmed that pk1b is expressed in
the migrating facial BMNs (data not shown). By 24 hpf, pk1b is
no longer expressed in the r4 stripe, however both hoxb1a and
pk1b are expressed in the facial BMNs along the entire route
of their migration (Figs. 5C–F); this was confirmed in serial
transverse sections (Figs. 5K, L). Interestingly, by 30 hpf, both
hoxb1a and pk1b are expressed not only within the facial BMNs,
but also in ventromedial r4 and r5, in domains that flank the
facial neuron axon tracts (data not shown). By 33 hpf, whenmost
facial BMNs have reached r6/7, expression of both hoxb1a and
pk1b is significantly reduced in facial neurons, but is retained in
r4/5 (Figs. 5G–J; red arrowheads), suggesting that this more
anterior expression correlates with an unidentified cell popula-
tion that may also originate in r4. In summary, we have
demonstrated that, like mouse Hoxb1 (Goddard et al., 1996;
Marshall et al., 1992), zebrafish hoxb1a and pk1b are expressed
both in r4 and in the facial BMNs as they migrate posteriorly
from r4 into r6/7. To our knowledge, with the exception of
hoxb1a itself, pk1b represents the first zebrafish BMN marker
that is specific to the facial neurons.
Pk1b is required for facial neuron migration
As we found that pk1b is not only a downstream target of
Hoxb1a, but is also expressed in the facial BMNs during their
migration, we next tested whether Pk1b function is required for
facial BMN migration. To knock down the function of Pk1b we
designed two different morpholinos to block splicing of pk1b
mRNA; splice-blocking morpholinos have previously been
reported to effectively block gene function (Draper et al., 2001).
Embryos were injected with Pk1b-MOs singly or together, and
facial BMN position was assayed at 24–48 hpf. Injection of a
low concentration (2 mg/ml) of each Pk1b-MO independently
caused a partial block in facial neuron migration, whereas a high
concentration (5 mg/ml) of each Pk1b-MO caused a more severe
block to migration. Both MOs together (2 mg/ml each) com-
pletely blocked facial BMN migration in almost all specimens
(Figs. 6A–D; summarized in Table 3), closely resembling the
Hoxb1a knock-down phenotype (compare Figs. 1C, D, and
6B, D); therefore, we used this combination of Pk1bMOs for the
remainder of our experiments. As expected, injection of each
Pk1b splice-blocking morpholino resulted in disruption ofsplicing of the adjacent intron, as detected by RT–PCR using
primers to amplify the region surrounding the targeted splice
sites (Supplemental Fig. 2). In 40 and 48 hpf Pk1b-deficient
embryos, like Hoxb1a-deficient embryos (McClintock et al.,
2002), the facial BMNs have still not migrated from r4 (Figs.
6E–H). Confocal images of Pk1b-deficient embryos in lateral
view reveal that the facial neuron cell bodies lie in an aberrantly
dorsal position within r4, while BMN axonal projections are
grossly normal (Figs. 6G, H). In Hoxb1a-deficient specimens,
most or all aspects of r4 identity have been transformed to
resemble r2 identity, as indicated by alterations to hoxb1a auto-
regulation, octavolateralis efferent axons (McClintock et al.,
2002), andMauthner neuron identity (I. Hurley, M. Rowe and V.
Prince, unpublished observations). By contrast, we find that
Pk1b-deficiency does not disrupt hoxb1a expression (data not
shown), octavolateralis efferent axons (Fig. 6H), or Mauthner
neuron identity (data not shown). These findings suggest that
Pk1b functions downstream of Hoxb1a specifically within the
pathway controlling facial neuron migration.
Pk1b functions cell-autonomously in facial BMN migration
We have shown that pk1b is necessary for facial BMN
migration, and that the gene is expressed both in ventral r4 and
in the migrating facial BMNs. To establish whether Pk1b
function is required within the facial neurons, in the surrounding
r4 tissue, or both, we used a cell transplantation approach to
generate mosaic embryos. We transplanted cells from lysinated
rhodamine dextran (LRD)-labeled islet1-GFP blastula stage
donors into the prospective hindbrain region of non-transgenic
gastrula stage hosts (Materials and methods), such that donor-
derived cells contributed mosaically to the hindbrain and facial
BMNs. We then analyzed the mosaic embryos at 36 hpf, when
normal facial neuron migration is nearly complete, by
comparing the locations of donor-derived and host-derived
facial BMNs. In control experiments, we transplanted cells from
LRD-labeled islet1-GFP wild-type donors to wild-type hosts.
We found that 90% of donor-derived facial BMNs (LRD- and
GFP-labeled) migrated into r6/7 by 36 hpf (n=105 facial BMNs
in 12 embryos; summarized in Fig. 7K), indicating that our
transplantations did not disrupt normal facial neuron behavior.
To test whether Pk1b functions cell-autonomously in the
facial BMNs, we transplanted cells from Pk1b-deficient LRD-
labeled islet1-GFP donor embryos into wild-type hosts (sche-
matized in Fig. 7A). We found that 76% of Pk1b-deficient
donor-derived facial BMNs remained in r4, with 16% found in
r5 and only 8% reaching r6/7 (n=157 facial BMNs in 22
embryos; e.g. Figs. 7B–E, summarized in Fig. 7K), demonstrat-
ing that Pk1b is required cell-autonomously for facial BMN
migration. A similar cell-autonomous function has been reported
for Hoxb1a (Cooper et al., 2003). In the reciprocal experiment to
test whether Pk1b functions non-cell-autonomously, we trans-
planted cells from LRD-labeled islet1-GFP wild-type donors
into Pk1b-deficient hosts (schematized in Fig. 7F). We found
that wild-type facial BMNs were frequently able to migrate
through the Pk1b-deficient environment, although not as
efficiently as through a wild-type environment. 39% of wild-
Fig. 6. Pk1b function is required for facial neuron migration. The disposition of the branchiomotor neurons is visualized using islet1-GFP transgenic embryos, (A, C)
viewed by fluorescence microscopy, (B, D) same image merged with bright field (DIC optics), or by confocal microscopy (E–H). The hindbrain is seen in dorsal (A–F)
or lateral view (G, H); anterior is to the left in all panels. Rhombomeres (r) 2, r4, and r6 are labeled. (A, B) In wild-type 28 hpf embryos, the facial neurons (VII) have
migrated most of the way to r6/7. (C, D) In Pk1b-deficient embryos (injected with Pk1b-MO), the facial neurons do not migrate and are instead found in clusters in r4.
(E) In wild-type 40 hpf embryos, facial neuron migration is complete. (F) In 40 hpf Pk1b-deficient embryos, the facial neurons remain in r4. (G) In wild-type 48 hpf
embryos, the facial neurons lie in r6/7, and their axons project out of r4 to innervate the second pharyngeal arch. The asterisk marks the axons of the VIIIth nerve/
octavolateralis efferent (OLe), which project across the otic vesicle. (H) In Pk1b-deficient embryos, the facial (VII) and OLe (asterisk) axons can be seen to project
normally. However, the facial neurons (VII) lie in r4, in an unusually dorsal position. MO: morpholino; V: trigeminal neurons; VII: facial neurons; X: vagal neurons.
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found in r5, and a further 35% successfully migrated into r6/7
(n=100 facial BMNs in 14 embryos; e.g. Figs. 7G–J,
summarized in Fig. 7K), demonstrating that Pk1b also has a
partial non-cell-autonomous function in facial BMN migration.
Interestingly, we found a positive correlation between number of
transplanted wild-type neurons and average distance migrated
through the Pk1b-deficient environment. Small groups or
individual transplanted wild-type neurons were unable to
migrate efficiently through a Pk1b-deficient environment,
whereas larger groups of transplanted wild-type neurons
migrated farther. A similar partial non-cell-autonomous function
has been reported for Hoxb1a (Cooper et al., 2003).In summary, we have demonstrated that Pk1b functions cell-
autonomously in facial BMN migration, as well as having a
partial non-cell-autonomous role (data summarized in Fig. 7K).
In conclusion, our experiments have placed both expression and
function of pk1b downstream of Hoxb1a in the facial BMNs,
revealing for the first time an important effector of Hoxb1a in
the conferral of r4 segmental identity.
Discussion
In this study, we have used microarray analysis to identify
downstream targets of the zebrafish transcription factor
Hoxb1a. We have focused on positively regulated candidates
Table 3
Phenotypic responses to Pk1b-MO injections
Morpholino mg/ml n r4 (%) r4–r5–r6 (%) r6/7 (%)
Uninjected – 50 0 0 100
SA-I3E4 2 43 0 67 33
SD-E6I6 2 52 0 48 52
SA-I3E4 5 30 53 47 0
SD-E6I6 5 41 49 49 2
SA-I3E4+SD-E6I6 2 each 40 90 10 0
n: number of morpholino-injected islet1-GFP transgenic embryos, scored at
33 hpf by fluorescence microscopy according to the following criteria. “r4”:
embryos with facial neurons remaining entirely in r4; “r4–r5–r6”: embryos with
partially migrated facial neurons; “r6/7”: embryos with fully migrated facial
neurons. SA-I3E4: Pk1b morpholino blocking the intron 3–exon 4 splice
acceptor site; SD-E6I6: Pk1b morpholino blocking the exon 6–intron 6 splice
donor site.
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undescribed, as Hoxb1a targets. Although we do not yet know if
these twelve genes are direct or indirect targets of Hoxb1a, they
are nevertheless likely to play important regulatory or effector
roles in conferring identity to hindbrain rhombomere 4. Con-
sistent with this hypothesis, we have gone on to show that one
downstream target, Prickle1b, is required cell-autonomously for
a specific aspect of r4 identity: migration of r4-derived facial
neurons.
Microarray analysis identified downstream targets of Hoxb1a
Our analysis to date of candidate Hoxb1a targets suggests that
many of the other ESTs identified by our array will ultimately beFig. 7. Transplantation reveals cell-autonomous function of Pk1b in facial
neuron migration. (A) Schematic of cell transplantation approach to determine if
Pk1b functions cell-autonomously in facial neuron migration. (B–E, G–J)
Composite confocal Z-stacks of 36 hpf transplanted antibody-stained embryos
in dorsal view; anterior is to the left. White arrows indicate donor-derived facial
BMNs. White arrowheads indicate host-derived facial BMNs. Rhombomeres (r)
2, r4, and r6 are labeled. (B) Merged image (of C–E) of a transplanted embryo in
which Pk1b-deficient (LRD-labeled, islet1-GFP-positive) donor cells have been
transplanted into a wild-type host. (C) LRD labels all donor-derived cells. (D)
Anti-GFP antibody specifically labels donor-derived islet1-GFP-positive
BMNs. (E) Anti-Islet1 antibody (blue) shows both wild-type host facial
BMNs in r6/7 (white arrowhead) and Pk1b-deficient donor-derived facial BMNs
in r4 (white arrow; co-labeled with LRD and GFP, see B–D). Note that the anti-
Islet1 antibody also labels the trigeminal (V) BMNs in r2 and r3, abducens (VI)
neurons in r5 and r6, and glossopharyngeal (IX) BMNs in r7. (F) Schematic of
cell transplantation approach to determine if Pk1b functions non-cell-
autonomously in facial neuron migration. (G) Merged image (of H–J) of a
transplanted embryo in which wild-type (LRD-labeled, islet1-GFP-positive)
donor cells have been transplanted into a Pk1b-deficient host. (H) LRD labels all
donor-derived cells. (I) Anti-GFP antibody specifically labels donor-derived
islet1-GFP-positive BMNs. (J) Anti-Islet1 antibody (blue) shows both Pk1b-
deficient host facial BMNs in r4 (white arrowhead) and wild-type donor-derived
facial BMNs in r4–r7 (white arrows; co-labeled with LRD and GFP, see G–I).
Note that the anti-Islet1 antibody also labels the trigeminal (V) BMNs in r2 and
r3, abducens (VI) neurons in r5 and r6, and glossopharyngeal (IX) BMNs in r7.
(K) Summary of transplant data showing percent of donor-derived facial BMNs
located in each rhombomere in WT→WT, Pk1b-deficient→WT, and
WT→Pk1b-deficient transplants. LRD: lysinated rhodamine dextran; MO:
morpholino; V: trigeminal neurons; VI: abducens neurons; VII: facial neurons;
IX: glossopharyngeal neurons.validated as Hoxb1a downstream genes. Of the 15 cDNAs we
assayed by in situ hybridization, 12 (80%) proved to be true
targets. Two of the three false positives showed expression in
tissue immediately adjacent to r4 (r3 plus r5, or the otic vesicle)
suggesting that minor dissection errors may underlie mis-
identification of a small subset of candidates. Interestingly, our
analysis of meis2.1 and zic1 suggests that candidates showing
fold changes as low as 1.3 between Hoxb1a-positive and
Hoxb1a-deficient tissue may prove to be valid target genes. We
attribute the high success rate of our microarray experiment to
the care we took in isolation of specific tissue for analysis.
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Hoxb1a-positive and Hoxb1a-deficient r4 tissue to identify
genes regulated by Hoxb1a in r4. Our secondary comparison of
r4 to r2 tissue allowed us to confirm the validity of a subset of the
candidate genes by highlighting those candidates that are down-
regulated in r2 with respect to r4. We found that only about one
quarter of the genes fit this description; as predicted, these genes
(e.g. evi1 and pk1b) show r4-specific expression. However, the
majority of candidate genes were not confirmed by our
secondary comparison; as expected, these genes are expressed
in both r2 and r4, yet they are specifically regulated in r4 by
Hoxb1a. For example, zic1 and zic4 are expressed throughout
the hindbrain, but Hoxb1a specifically regulates their elevated
expression in r4. Similarly, col7α1l is expressed in r2 and r4, but
is specifically regulated by Hoxb1a in r4. Overall, our results
demonstrate that Hoxb1a not only regulates expression of r4-
specific genes, but also regulates the r4-domain of more broadly
expressed genes.
Previous work by several groups has revealed Hox auto- and
cross-regulatory interactions. Both mouse Hoxb1 and the
orthologous zebrafish Hoxb1a stabilize their own expression
in r4 via direct auto-regulation (Studer et al., 1996; McClintock
et al., 2002). Thus expression of hoxb1a decreases in r4 of
Hoxb1a-MO-injected embryos after 24 hpf. However, at 20 hpf
hoxb1a expression levels are not obviously decreased in
Hoxb1a-MO-injected embryos (Fig. 3Aii; McClintock et al.,
2002). Consistent with this result, our microarray data show that
hoxb1a transcript is not significantly reduced in Hoxb1a-MO-
injected embryos at 20 hpf (Supplemental Table 1). Mouse
Hoxb1 has also been shown to directly regulate Hoxa2 (Tumpel
et al., 2007) and Hoxb2 (Maconochie et al., 1997; Ferretti et al.,
2000). Our microarray data show that the level of zebrafish
hoxa2b transcript decreased an average of 1.5-fold in Hoxb1a-
deficient r4, and hoxb2a transcript decreased 1.3-fold in
Hoxb1a-deficient r4 in 2 out of 3 replicates, suggesting that
the cross-regulatory relationships between Hox genes are con-
served in zebrafish.
Two other groups have used microarray analysis to identify
genes downstream of Hoxb1a orthologs. Leemans et al. (2001)
identified genes regulated by overexpression of Drosophila
labial, and Tvrdik and Capecchi (2006) compared the transcripts
expressed in r4 of wild-type and Hoxb1-mutant mice. Compar-
ison of our dataset with that of Tvrdik and Capecchi (2006)
reveals that several orthologous genes were identified as
candidate downstream targets of both zebrafish Hoxb1a and
mouse Hoxb1. These include eukaryotic translation initiation
factor 4E binding protein 2, zinc finger protein 503, cyclin-
dependent kinase 5 regulatory subunit 1, leucine rich repeat
containing 4, and cadherin EGF LAG seven-pass G-type
receptor 2 (celsr2). The use of different microarray platforms
for the three species precludes more comprehensive comparison
between the data sets.
Prickle proteins function in facial neuron migration
In Drosophila, Prickle functions in the non-canonical Wnt
signaling pathway to mediate planar-cell-polarity (PCP; re-viewed by Klein and Mlodzik, 2005; Tree et al., 2002).
Similarly, zebrafish Pk1a and other zebrafish PCP molecule
homologs function downstream of non-canonical Wnts to
regulate convergence–extension movements during gastrulation
(e.g. Carreira-Barbosa et al., 2003; Takeuchi et al., 2003;
Veeman et al., 2003). Prickle homologs in mouse and human
have been reported (Bekman and Henrique, 2002; Katoh and
Katoh, 2003; Tissir and Goffinet, 2006), and mouse Prickle1
was recently shown to be expressed in facial BMNs (Song et al.,
2006), although little is yet known about the functions of
mammalian Prickles. Genetic screens have revealed that several
zebrafish PCP genes are required for normal facial neuron
migration. For example, facial BMN migration is blocked in
zebrafish mutants for trilobite, which lack function of the PCP
molecule Strabismus/Van Gogh-like 2 (Jessen et al., 2002), for
off-limits/frizzled3a, which lack a putative Wnt receptor (Wada
et al., 2005, 2006), for land-locked/scribble1, which lack a cell
polarity molecule (Wada et al., 2005), and for off-road/celsr2,
which lack a Flamingo homolog (Wada et al., 2006). Zebrafish
pk1a has also been implicated in facial neuron migration
(Carreira-Barbosa et al., 2003), although morpholino knock-
down of this gene impairs, rather than fully blocks, neuronal
migration. Interestingly, strabismus, frizzled3a (fz3a), scrib-
ble1, and celsr2 are all broadly expressed, and pk1a is reported
to be expressed in the vicinity of the migrating neurons rather
than within them (Carreira-Barbosa et al., 2003; Jessen et al.,
2002; Wada et al., 2005, 2006). Expression analyses, together
with cell-transplantation experiments, have shown that these
PCP molecules function primarily non-autonomously in facial
neuron migration (Carreira-Barbosa et al., 2003; Jessen et al.,
2002; Wada et al., 2005, 2006).
In this study, we have demonstrated that pk1b is a down-
stream target of Hoxb1a, and, like Hoxb1a itself, pk1b is
expressed within facial neurons and required for their migration.
The duplicate genes pk1a and pk1b are expressed in different
domains, and morpholino knock-down of either Prickle1 dupli-
cate alone is sufficient to disrupt facial neuron migration
(Carreira-Barbosa et al., 2003; this study). Taken together, these
results suggest that the two genes play separate, rather than
redundant, roles in the migration process. Our expression
analysis shows that pk1b, in contrast to the other zebrafish PCP
homologs, is specifically expressed at high levels within the
migrating facial neurons, as well as at reduced levels within the
ventral third of r4 during the early stages of facial BMN
migration. By using a cell-transplantation approach to generate
mosaic zebrafish embryos, we have demonstrated that Pk1b has
a cell-autonomous function in facial neuron migration. When
Pk1b-deficient neurons are placed in a wild-type environment,
the vast majority fail to migrate out of r4. These results are
consistent with Pk1b functioning downstream of Hoxb1a, as
Hoxb1a has similarly been shown to function cell-autonomously
in facial BMN migration (Cooper et al., 2003). We suggest that
the few Pk1b-deficient neurons that migrated out of r4 may have
done so because they retained some residual Pk1b function.
Although we confirmed that the facial neurons failed to migrate
in each Pk1b-deficient donor or host embryo, morpholino ap-
proaches can only provide a knock-down rather than a complete
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demonstrated to function cell-autonomously in facial neuron
migration.
In reciprocal transplant experiments, we demonstrated that
Pk1b also shows a partial non-cell-autonomous function. While
the majority of wild-type facial neurons successfully migrate
out of r4 in Pk1b-deficient host embryos, over one third of the
wild-type facial neurons remain in r4. These results may reflect
partial functional redundancy between Pk1b and other PCP
molecules, such as Pk1a. However, we also find that small
groups of transplanted wild-type neurons do not migrate as far
as larger groups through a Pk1b-deficient hindbrain. We
propose two possible explanations for this trend in our data.
These results could be explained by the existence of “pioneer”
facial neurons. If specialized pioneer neurons are required to
initiate facial neuron migration, then wild-type facial BMNs
will only be able to migrate through a Pk1b-deficient en-
vironment if wild-type pioneers are included within the
population of transplanted cells. Larger groups of transplanted
neurons are more likely than smaller groups to include pioneer
neurons. Thus, smaller groups of transplanted wild-type facial
neurons may fail to migrate because they lack these wild-type
pioneers to initiate migration. Alternatively, the partial non-cell-
autonomous requirement for Pk1b in facial neuron migration
could be explained by a “community effect” (Gurdon et al.,
1993). Cooper et al. (2003) suggested that a “community effect”
may explain the partial non-cell-autonomous function of
Hoxb1a in facial neuron migration; if interactions between
facial neurons facilitate migration, then individual wild-type
neurons in Hoxb1a-deficient hosts may fail to migrate efficiently
because they must migrate alone. Our data are consistent with
either “pioneer” neurons or the “community effect” underlying
the lack of complete migration of wild-type transplanted neurons
in Pk1b-deficient hosts.
Based on expression analysis and cell transplantation results,
Wada et al. (2006) have concluded that PCP molecules such as
fz3a and celsr2 function primarily in the neuroepithelium
surrounding the facial BMNs, acting to restrict the neurons to the
pial surface of the hindbrain and prevent their dorsomedial
movement into the neuroepithelium of r4. Similar to the fz3a and
celsr2 mutant phenotypes, we have found that Pk1b-deficient
facial BMNs are found in an unusually dorsal location within the
r4 neuroepithelium (Fig. 6H). However, in several of our
transplant experiments, we found that Pk1b-deficient facial
neurons were located in these dorsal positions despite being
surrounded entirely by wild-type tissue. Thus, while all
previously described zebrafish PCP molecules have been
shown to play their major roles within the broader neuroepithe-
lium, our results reveal that Pk1b is unique in functioning auto-
nomously within the facial neurons. We suggest that the role of
Pk1b in facial neurons is to allow them to recognize or interpret
signals generated by other PCP molecules in the surrounding
neuroepithelium. Interestingly, our microarray identified celsr2
as another candidate downstream target of Hoxb1a, suggesting
that Hoxb1a may regulate the PCP pathway at multiple levels to
facilitate facial neuron migration. The precise interplay between
different PCP molecules in general, and Prickle family proteinsin particular, during facial neuron migration remains to be
elucidated. However, we postulate that these molecules may
play critical roles in conferring cell polarity to the neurons and
their surrounding cells to allow directional migration.
Hox genes function upstream of regulatory networks
Previous studies of Hox gene function have revealed that Hox
proteins are likely to regulate multiple downstream targets that in
turn control specific aspects of segment identity. For example,
the Drosophila Hox gene Ubx has been shown to regulate
multiple signaling pathways during haltere development (Mohit
et al., 2006; Weatherbee et al., 1998). Similarly, mouse Hoxb1,
the ortholog of zebrafish hoxb1a, specifies particular sets of
neural progenitor cells along the DV axis of r4, in part by
regulating effectors of Shh and Mash1 signaling (Gaufo et al.,
2000). Our data suggest that zebrafish Hoxb1a similarly
mediates multiple aspects of r4 identity by regulating different
downstream targets in different subdomains of r4. The twelve
target genes we have examined are expressed in varying
locations along the temporal and DV axes in r4, suggesting
that additional transcriptional inputs may function in concert
with Hoxb1a. These twelve genes may, in turn, establish specific
developmental programs in the subdomains where they are
expressed to ultimately confer different aspects of r4 identity.
For example, pk1b expression is regulated by Hoxb1a in r4, but
must require secondary regulation to restrict it to the subdomain
of the facial BMNs. Pk1b in turn functions as an effector of r4
identity by cell-autonomously facilitating facial neuron migra-
tion.While we are still far from understanding the entire network
of genes that function downstream of Hoxb1a, our findings
provide an important step forward in the effort to understand the
molecular mechanisms through which hoxb1a confers specific
aspects of rhombomere 4 identity.
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